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ABSTRACT 

A search has been made for direct photon production in 

pBe interactions at 200 and 300 GeV/c over the kinematic 

region 1.5 < PI< 4.0 GeV/c and -0.7 C XP < 0. [ 90° < B- 

s 1600). An excess .of single photons above that which is 

predicted from the measured v" and no production is observed. 

The ratio of y/r0 production is calculated assuming that the 

ucess arises from direct photon production. We find that this 

ratio averages 0.070 ? 0.025 (including systematic errors] in 

this region of $ and PI for our 200 and 300 GeV/c data. We 

have used our measured value of the n/no ratio of 0.47 i 0.10 

in the determination of the y/r0 ratio. The variation of y/so 

with XP, PI, XR and Ocms is presented. 
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Recently much speculation I-' has centered around the 

possibility of copious production of direct photons in 

hadronic collisions either by QCD or CIH mechanisms. Since 

the direct photons are a primary product of these inter- 

actions while the inclusive v"s are supposedly the result of 

quark fragmentation, the directly produced photon flux is 

expected to become comparable to the so flu% &n Spite of 

the suppression by 01 at high Pl. This paper reports on a 

search for direct photon production in pBe COlliSiOaS at. 

200 and 300 C*V/c.performed using the halo-free proton beams 

in the Proton-West Area at Fermi National AcceleratorLaboratory. 

We have reported previously ' the measurement of inclusive 

no production over a large region of Xl and XP in the same 

double arm lead glass spectrometer used in this experiment. 

This apparatus is shown in Fig. 1. Along with the no photon 

pairs, single photons which had energies above the trigger 

threshold and which were not accompanied by charged particles 

were recorded. This "single photon" flux arose from three 

main sources: 

1. Single photons from inclusive no and no production 

where only one of the two decay photons is within 

the acceptance of the spectrometer arm. 

2. High energy so events in which the two decay 

photons coalesce into a single energy deposit 

in the lead glass array. 

3. Neutral hadrons which produce single photon-like 

signals in the detectors. 
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Other sources of physics background such as w', n-, or 

hyperon decay have been considered and ate negligible 

compared to the above souxes of the single photon signal. 

'In order to predict the level of the observed single 

photon signal,neasuremcnts were made of: 

1. The neutral hadron to single photon ratio Over 

a large range of XF and PI . . 

2. The ratio of q"/n" production over a much smaller 

range of XP. 

3. The n' inclusive spectra over a large range of 

XF and P 
1 

. 

The measurement of the neutral hadrons was accomplished by 

inserting 11.3 radiation lengths of lead in front of the 

sweeping magnets of both arms in order to eliminate photons. 

The trigger for these special runs was the same as the trigger 

for the photon and no data, namely the requirement of a 

neutral event imposed by the lucite hodoscopes and the 

presence of an energy deposit above trigger threshold in 

the lead glass array. The correction for the attenuation of 

neutral hadrons was calculated by using an effective interaction 

probability of 31% derived from measured total cross sections'0 

on lead. The ratio of neutral hadrons which trigger the 

apparatus to the single photon signal varies with PI and XF 

from the 10% level at low PL and XP to the 30% level at the 

edges of the kinematic region investigated in this search. 
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The measi;rement of no/no in this experiment confirms pre- 

vious experiments1l-'4 which have detected copious production 

of rl O in pp collisions. We have analyzed data taken at the 

smallest laboratory angle settings of the spectrometer arms 

where there is some acceptance for no and have detected the 

two photons from no decay. These data are shown in Fig. 2. 

After corrections for the relative acceptance and the n + yy 

branching ratio, the production ratio is determined tc. be 

q”/no = 0.47 2 0.10 in the rnnge2.5< P1< 5 GeV/c. These data 

atie consistent with this ratio being independent of Pl and 

6. The other measurement"of,n"/no performed at Fennilab 

energies yielded a result 0.43 ? 0.10. The ISR measurements11-13 

are slightly higher (of order 0.50 - 0.55) but are still consistent 

with OUT measurement within the assigned errors. For the deter- 

minaticn of the direct photon signal a value of 0.55 has 

been used in order not to underestimate the contribution of 

n photons to the observed single photon signal. The assumption 

has been made that this ratio is independent of Pland XF. This 

assumption is consistent with all existing data. 

Finally we have detected both photons from v" decay, recon- 

strutted the n o mass Spectrum assuming all interactions take place 

in the thin (34 mill Be target (target out rates are much less than 

.l% of target iri rates in the halo free beam), and determined the 

no cross secticn over a large range of PA and 5. The two ph0tc.n 

backgrounds under the no peak have been scbtracted and the number 

of observed II O's has been determined in each PI and XF bin. The 

conversion probability for single photons in the Spectrometer ermS 

has bren dctcrminc.d from the no photoras to bc 0.16 f .02 indcpcndcnt 



of photon energy. This probability has been used to correct 

the data for loss of x0 events relative to single photons due 

to the vetoing of converting events by the hodoscope require- 

ments - 

The inclusive 11' data have been fit as a function of 

PI and XR and the resultant fit has been used as input to 

a detailed Monte Carlo which generates no's and no's in the 

appropriate ratios with the observed distribution. (The 

coalescing events in the no Honte Carlo have been corrected 

to take into account the conversion probability of either 

photon.) The shower patterns of the one and two photon events 

in the lead glass arrays have been generated using measured. 

energy sharing distributions in the 24" x 2%" elements. 

These shower sharing patterns, originally determined using 

shower calculations'5, were slightly modified to agree with 

energy sharing patterns measured in the detector using 4. 8, 

16, and 32 GeV/c electrons from a calibration beamIs. Detailed 

scans of the elements of these arrays were performed in situ, 

measuring the sharing of the shower in O.linch steps. 

The energies generated in individual counters by the 

Monte Carlo were further modified to take into account ADC 

digitization and energy fluctuations (as predicted by oberved 

single counter resolutions). These Monte Carlo events were 

then analyzed using the same photon pattern recognition, 

energy recombination, and position reconstruction techniques" 

as were used in analyzing the data. For each angle and energy 
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of either spectrometer arm, noand no Monte Carlo calcula- 

tions incorporating all of these features were performed. 

These Monte Carlos were used to calculate the expected 

number of :ingle photon-like events. Explicitly the ratio 

of direct gamma to no invariant cross section in any particular 

XP and PI bin is given by 

Y c(n') 

7 "aTI- 

. NY - NyHC 

NW0 

where N 
Y = Number of observed photons 

(neutral hadrons subtracted). 

(1) 

= Number'of observed u' (background 
two photon combinations subtracted). 

N " = 
Y 

Number of predicted single photon- 
like events. 

c(nO) 

= N + N,. +N 
n-r *‘T coalescing To ' 

= Acceptance of the spectrometer arms 
as a function of XF and PI for II' events. 

C(Y) = Acceptance of the spectrometer arms 
as a function of XP and PI for direct 
1. 

with N IS2 
Y 

w MC 10 (2) 
s Y 

* nc 
0 “m” normalization region 

w lK 
Y = Monte Carlo weight of accepted single 

photon-like events predicted from the 
three sources. 

no 

r--l 

= 
MC 

Ratio of the number of observed pizero's 

Y?* 
in a given normalization region to the 

normali- Monte Carlo calculated wciyht of the 
zation accepted no events predicted in the 
region normalization region. 

I 
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As can be seen from Eq. (2) the number of single photons 

predicted in a given XF and PI bin is normalized to the number 

of a*'~ observed in a given normalization region. The choice 

of the normalization region can vary from one which includes 

the entire acceptance of a spectrometer arm to a region 

which is identical to the bin of XF and PI for which the ratio 

of y/n* is calculated (XF bins = -02, PL bins = -25 GeV/c). 

The tvo extremes have been tried and the values of r/r" deter- 

.dned by both methods are consistent within errors. The 

results quoted are determined Choosing the normalization 

region to be the same XF and PI bin for which the r/n' ratio 

is calculated. A minimum level of q" statistics in the bin. 

was required W,O 'G) before that bin is included in-the results. 

The 'local' normalization was chosen to make the final 

result less sensitive to any details of disagreement between 

the Monte car10 n' distribution and the no data. Finally, 

the choice of local normalization is less sensitive to 

difficulties in calculating acceptances near the edges of the 

aperture. In Fig. 3 we show examples of the XF and PI 

projections of the data and the predicted contributions to 

the single photon spectrum for a particular spectrometer angle 

and energy. 

A number of possible sources of systematic problems 

have been studied to see what effect they have on the L 

Y/n' ratio. The most serious of these arc: 

1. Determination of the number of uD events. The 

subtraction of the bac!cqround of uncorrclated 
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3. 

4. 

5. 

6. 
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two photon events under the so peak is the 

major uncertainty in estimating the number of 

71°‘S. 

Shifts of the energy scale of the single photon 

events relative to the pisero events because of 

non-linearity of the detector or because of 

reconstruction of r" on single photon energies. 

Differences in the XP and PI distributions of 

no events between data and the Monte Carlo. 

Differences in the results of the pattern 

recognition techniques when applied to one and 

two photon showers in the Monte Carlo and the 

data. 

error in the n/no ratio. 

Error in the conversion probability for photons 

in the charged particle counters in the 

spectrometer arms. 

We have estimated the systematic error due to 1) by using 

several fitting techniques and several background shapes which 

vary within a reasonable range. The error in the determination 

of the number of f"'s for the various runs was typically tS%. 

This leads to an error of less than 2.016 in the final y/no 

ratio. 

secondly. systematic errors which arise from possible nonlin- 

earities of the lead glass detector were investigated by 

comparing the lead glass pulse heights to the energy of the 
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calibration electron beam as determined both from the beam 

transport magnet settings and from the PWC momentum measure- 

ment to be less than 0.58 up to 30 GeV/c. This Source was 

determined to make less than 2.007 error in the r/no ratio 

due to systematic shifts of the no energy SpeCtrum. In 

addition, reconstruction of the single photon and two photon 

events in the Monte Carlo and data were performed using the 

same software with the exception of corrections to account for 

unseen energy of the photons which convert in the 1.13 radiation 

length of lead converter in front of the ylass arrays. This 

energy correction was determined from measurements of the 

correlation of $$ (as observed in the Sl-S2 counters between 

the lead converter and the lead glass arrays) with energy 

shifts of the calibration electron beam peak. We estimate the 

error in the r/n o induced by relative systematic Shifts of 

reconstructed single photon and no energy spectra due to this 

source to be less than +.007/--016. 

Thirdly. we have estimated the reasonable limits for 

systematic changes in y/no arising from differences between 

the no Monte Carlo and the n o inclusive data by calculating 

.the y/no ratio varying the Monte Carlo form of the f O inclusive 

cross section. We have taken (E da/dp'),o-(l-XR)" PL-' and have 

varied n and N from the fitted values. The estimated systematic 

error in y/no due to reasonable variations in'the ?Wnte Carlo was less 

than +.018/-.004. For this analysis we have used the flattest 

P, depcndcnce IN=81 which is still consistent with our data. 
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We have investigated possible problems in the pattern 

r&cognition techniques which were applied to the Monte Carlo 

and data. Low level counter noise has been extracted from 

the data by examining the non-trigger arm in inclusive runs 

and these random low energy fluctuations have been added to 

the Monte Carlo events to see if the ratio of single photons 

to rewgnizedn"eventsrenminedstabl~. AS= seaxxltikof tl~stabilityof 

the y/no ratio, we varied over a wide range the pattern recog- 

nition threshold parameters which determine how distinct the 

second (or lower energy) photon must. be from the higher energy 

photon in order tc, be resolved. We estimate frcun these studies 

that the limit on the systematic error in the y/r0 ratio due 

to the pattern recognition technique is +.Ol/--01. 

Finally in order to estimate the systeroatic error due to 

the error in the n/no ratio and the error in the conversion 

probability we have analyzed some of our data with different 

values of these parameters. we estimate that the systematic 

change in y/no due to the error in the q/no ratio to be +.007/-.002. 

The error in the conversion probability could contribute a syste- 

matic shift of less than +.OOS/-.005 to the y/v0 ratio. 

Combining all of these effects together the total systematic 

error in the r/no ratio was estimated to be t.025. AS a" 

additional check on the correctness of this estimate of systematic 

error both spectrometer arms have been analyzed separately. The 

source of systematic error due to 1. 3, and 4 are considerably 

. 
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different for the arms since the solid angle end the distance 

of the arrays from the target are different. The y/r0 ratios 

from the two arms are found to be consistent within the assigned 

errors. 

In Pig. 4 the y/v0 ratio is shown as a function of PI and 

3 for the 200 and 300 GeV/c data (error bars includes statisti- 

oal error and the error on the background from neutral hadrons; 

the shaded regions indicate variations of levels consistent 

with the estimate of systematic errors). The same ratio is shown 

in Fig. 5 VS. +, and O-. Both distributions show an excess 

of single photons leading to a y/no ratio which seem to rise 

as XP and/or PI increases. The level and dependence of r/r0 

onz$*nd Pl*ppe ars to be the same for data taken at both ener- 

gies. According to Refs. 3-5 a direct photon production should 

be dominated by the Compton scattering of a gluon (QCD) or a qs 

r-n-like state (CIM) frmr a constituent quark with the scattered 

object aaterializing as a final state real photon. We have shown 

in Pigs. 4 end 5 the direct photon prediction of Brodsky et al' 

which contains both CIM and GCD and is divided by the comparable 

CII4 and QCD prediction of ?r" production. In addition, we have 

shown separately the QCD and QCD + CIM prediction of Halzen and 

Se&t" which are divided by observed no cross sections and which 

have the direct photon production calculation normalized to tbe 

observed level of di-muon production". 

We have compared our data (which is an average ratio for 

the angular region (90° c ocms< 160°) vith two previously pub- 

lished rtsults"-" from the CERN 1%. The y/a0 ratios quoted 

in Ref. 20 sic much larger than our results averaging -20 f. -06 
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for the region 3.0 'Plc4.0 G&l/C for data taken at /$= 45 

and 53 GeV. We observe 0.080 f -025 and 0.094 ? -025 at /s= 19.4 

and 23.8 GeV retipectively in the same P, interval. The second 

experiment" which studied the e e + - mass spectrum of internally 

converted photons produced at K= 55 GeV yield a result of 

.0055 t -0092 in the PI region between 2 and 3 GeV/c. In this 

same region we observe a ratio of .070 e .025 averaging our 

200 and 300 Gel/c data for our angular range. 

In conclusion, we have seen an excess of single photons 

above that which can be explained by x0 and no decays. When 

interpreted as direct photon ptoduction this excess yields 

valuesof the y/no ratio of 0.065 2 0.025 and .076 f -025 in the 

PI region between 1.5 and 4.0 GeV/c for the 200 and 300 GeV/c 

data. The data suggest that this signal is increasing with 

increasing PI and increasing XP. 
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Ffg. i. Schematic view at the double-arm spectrometer. 
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Fig. 2. ‘hro photon mass distributmn used in no analysis. 
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